Calculated optical properties of Co in ZnO: internal and ionization
  transitions by Ciechan, A. & Bogusławski, P.
ar
X
iv
:1
80
6.
04
76
0v
2 
 [c
on
d-
ma
t.m
trl
-sc
i] 
 25
 Fe
b 2
01
9
Calculated optical properties of Co in ZnO: internal and ionization transitions
A. Ciechan1, ∗ and P. Bogus lawski1, †
1Institute of Physics, Polish Academy of Sciences, al. Lotniko´w 32/46, 02-668 Warsaw, Poland
(Dated: February 27, 2019)
Previous luminescence and absorption experiments in Co-doped ZnO revealed two ionization and
one intrashell transition of d(Co2+) electrons. Those optical properties are analyzed within the
generalized gradient approximation to the density functional theory. The two ionization channels
involve electron excitations from the two Co2+ gap states, the t2↑ triplet and the e2↓ doublet, to
the conduction band. The third possible ionization channel, in which an electron is excited from
the valence band to the Co2+ level, requires energy in excess of 4 eV, and cannot lead to absorption
below the ZnO band gap, contrary to earlier suggestions. We also consider two recombination
channels, the direct recombination and a two-step process, in which a photoelectron is captured by
Co3+ and then recombines via the internal transition. Finally, the observed increase the band gap
with the Co concentration is well reproduced by theory.
The accurate description of ZnO:Co is achieved after including +U corrections to the relevant
orbitals of Zn, O, and Co. The +U(Co) value was calculated by the linear response approach, and
independently was obtained by fitting the calculated transition energies to the optical data. The
respective values, 3.4 and 3.0 eV, agree well. Ionization of Co induces large energy shifts of the gap
levels, driven by the varying Coulomb coupling between the d(Co) electrons, and by large lattice
relaxations around Co ions. In turn, over ∼ 1 eV changes of Co2+ levels induced by the internal
transition are mainly caused by the occupation-dependent U(Co) corrections.
I. INTRODUCTION
ZnO doped with Co is studied since five decades.
The detailed experimental investigations conducted by
Koidl [1] showed that Co in ZnO substitutes for Zn and
acquires the Co2+ (d7) electronic configuration with spin
3/2. Information about the Co-induced levels was pro-
vided by optical measurements. Both internal d(Co)
and ionization transitions were observed. The intrashell
line at about 2.0 eV originates in the e2↓ → t2↓ (i.e.,
4A2 →
4 T1) transition, and typical is fine split [1–12].
The observed splittings, of the order of few tens of eV, are
due to a combined effect of the crystal field and the weak
spin-orbit coupling, and they are not always experimen-
tally resolved. Next, there are two ionization transitions
beginning just below the ZnO band gap [2, 6, 8, 10, 13],
which are also reflected in photoconductivity. Those
sub-band gap optical transitions can lead to applications
in photocatalysis and photovoltaics [14, 15]. The inter-
nal excitations of Co2+ are utilized in efficient hydrogen
production by photoelectrochemical water-splitting [16].
The near UV-visible photodetectors are fabricated with
Co-doped ZnO nanoparticles [17, 18].
Investigations of ZnO:Co were intensified by the
discovery of ferromagnetism (FM) at room tempera-
tures [19–22]. Mechanism of magnetic coupling depends
critically on the sample microscopic morphology [23, 24],
and in particular on the presence of defects [19–22, 25].
While the origin of FM in ZnO:Co is out of the scope of
this paper, it is obvious that the electronic structure of
∗ ciechan@ifpan.edu.pl
† bogus@ifpan.edu.pl
Co determines both its charge and spin states as a func-
tion of the Fermi energy, thus providing a necessary basis
for understanding magnetic coupling between Co ions.
Accurate and efficient theoretical description of transi-
tion metal (TM) dopants by first principles methods re-
mains a challenging problem. The underestimation of the
single-particle band gap Egap by the local density (LDA)
and the generalized gradient (GGA) approximations in
the density functional theory distorts the levels, accessi-
ble charge states, and ionization energies of TM ions in
ZnO. This is the case of electronic structure of Co calcu-
lated in Refs [26–28]. An efficient procedure improving
the LDA or GGA electronic structure of the host as well
as the properties of TM dopants consists is adding the
+U terms [29]. Those terms can be treated as adjustable
parameters, or can be calculated self-consistently [29],
but they should be applied to all orbitals relevant for the
problem. For example, in the case of the LDA+U and
GGA+U calculations in which only the d states of Zn ions
are corrected [30–34], the band gap problem persists, and
the predicted Co levels are not reliable. Two correction
schemes giving a correct band gap of ZnO are the non-
local external potential (NLEP) corrections [35, 36] and
the self-interaction-corrections (SIC) [37, 38]. The cor-
rect Egap of ZnO is also obtained with hybrid functionals
(HY) [27, 33, 39, 40]. Linear response time-dependent
density functional theory provides excited state energies,
and it was recently applied to ZnO:Co [41, 42]. However,
the computational cost of those methods is much higher
than that of LDA+U and GGA+U . The relatively low
cost of +U methods is important in the context of high-
throughput computations aimed at, e.g., optimization of
selected material properties for applications.
Table I summarizes the calculated values of Egap of
ZnO and the energies of the three Co2+ gap levels. They
2TABLE I. Calculated ZnO band gap and energies of the Co2+ levels. The symbol ”∼VBM” denotes the cases when the majority
spin states are close to the VBM, or are degenerate with the valence bands. Several values are inferred from the figures showing
density of states, and thus they are of limited accuracy. All values are in eV.
Ref. method Egap t2↑ e2↓ t2↓ comments
[26] LDA < 2 ∼VBM 1.0 2.2
[27] GGA 0.8 ∼VBM 0.8 2.0
[28] GGA 1.2 0.3 1.3 3.0
[30] LDA+U 0.8 ∼VBM 1.0 4.0 U(Zn) = 0, U(Co) = 4.0 eV
[32] LDA+U 2.0 ∼VBM 0.1 4.0 U(Zn) = 9.0 eV, U(Co) = 5.0 eV
[33] GGA+U 1.6 ∼VBM 1.2 3.3 U(Zn) = 7.0 eV, U(Co) = 2.0 eV
[35] GGA+U +NLEP 3.3 ∼VBM 0.8 4.5 U(Zn) = 2.8 eV, U(Co) = 7.0 eV
[37] SIC 3.0 ∼VBM 1.0 3.5
[38] SIC 3.0 0.5 1.0 4.0
[39] HY 3.3 ∼VBM 0.8 6.0
[40] HY 4.5 ∼VBM 0.5 6.0 results for quantum dot (Zn140Co)O141
[27] HY 3.4 ∼VBM 1.5 5.0
[33] HY+GW0 3.3 ∼VBM 0.8 7.1
present LDA+U 3.3 0.3 1.3 5.0 U(Zn) = 12.5 eV, U(O) = 6.25 eV, U(Co) = 3.0 eV
LDA+U 3.3 ∼VBM 0.9 5.2 U(Zn) = 12.5 eV, U(O) = 6.25 eV, U(Co) = 4.0 eV
are qualitatively similar, predicting the majority-spin
levels close to the valence band maximum (VBM), the mi-
nority e2↓ level in the lower half of the band gap, and the
crystal field splitted t2↓ level higher in energy. Quantita-
tively, however, the discrepancy between various meth-
ods exceeds 4 eV, which is only partially explained by
the large band gap error of the LDA and GGA. Indeed,
even the corrected approaches, such as SIC or LDA+U ,
lead to differences larger by more than 1 eV.
Correctness of a theoretical approach is assessed by
comparing the results of calculations to experiment. This
issue was not discussed in the quoted works, except
Refs [40–42]. In the case of ZnO:Co, experiment includes
optical, transport, and magnetic measurements, and the
corresponding observables are optical transition energies,
thermal ionization energies, and magnetic moments and
couplings. Importantly, energies of excited states cannot
be inferred from the differences in one-electron energies
because of the strong intrashell coupling of d(Co) elec-
trons, large lattice relaxations induced by the change of
the Co charge state, and the presence of non-negligible
(albeit small in ZnO) electron-hole coupling. A strik-
ing example is that of the internal d(Co) excitation: its
experimental energy is 2.0 eV, while the e2↓-t2↓ energy
difference obtained with hybrid functionals is more than
twice higher, see Table I. This feature is also important
when analyzing ionization (charge transfer) transitions,
since the Co levels are sensitive to its charge state, and
thus the calculations should be extended to charged Co.
This was performed in Refs [34, 36] which calculated the
transition levels.
The aim of this paper is to provide a theoretical inter-
pretation of the measured optical properties of ZnO:Co.
To this end, we focus on the relevant transition ener-
FIG. 1. 3× 3× 2 supercell of ZnO with Co impurity. Shaded
region indicates a single unit cell of pure ZnO with 4 atoms.
gies rather than one electron levels. We also consider the
change of the band gap of ZnO induced by Co. The pa-
per is organized as follows. In Section II, we present the
method of calculations, including the calculations of the
U(Co) term. The results of the electronic structure and
optical transitions of ZnO:Co are shown in Section III A
and III B. The comparison of calculated results with ex-
periment and their interpretation, given in Section III C,
allow to find the optimal value of U(Co). Section IV
summarizes the obtained results.
3II. CALCULATION DETAILS
The calculations are performed within the density
functional theory in the GGA approximation of the
exchange-correlation potential [43–45], supplemented by
the +U corrections [29, 46, 47]. We use the pseudopoten-
tial method implemented in the Quantum ESPRESSO
code [48], with the valence atomic configuration 3d104s2
for Zn, 2s2p4 for O and 4s2p03d7 for Co. The plane-
waves kinetic energy cutoffs of 30 Ry for wavefunctions
and 180 Ry for charge density are employed. Spin-orbit
coupling is neglected.
The electronic structure of the wurtzite ZnO is exam-
ined with a 8 × 8 × 8 k-point grid. Analysis of the Co
impurity is performed using 3 × 3 × 2 supercells with
72 atoms shown in Fig. 1, and the k-space summations
performed with a 3 × 3 × 3 k-point grid. Larger super-
cells (3 × 3 × 4 with 144 atoms) and smaller supercells
(2×2×2 with 32 atoms and 2×2×1 with 16 atoms) are
employed to obtain the dependence of the energy gap on
the Co concentration. The ionic positions of ZnO:Co are
optimized until the forces acting on ions became smaller
than 0.02 eV/A˚. The calculated lattice constants of ZnO,
a = 3.23 A˚ and c = 5.19 A˚, as well as internal parameter
u = 0.38, are underestimated by less than 1 % in com-
parison with experimental values [49, 50]. The calculated
average Co-O bond lengths for Co2+ are 1.99 A˚, close to
those of Zn-O, 1.97 A˚.
The underestimation of the band gap of ZnO is cor-
rected by applying the U term to d(Zn) and p(O) elec-
trons. We find that the corrections U(Zn) = 12.5 eV and
U(O) = 6.25 eV reproduce not only the experimental
ZnO gap of 3.3 eV [51–53], but also the width of 6 eV of
the upper valence band of mostly 2p(O) character, and
the energy of the d(Zn) band, centered about 8 eV below
the VBM [54]. Those values of the U terms were tested
by us for ZnO:Mn and ZnO:Fe [55, 56]. U(O) directly
opens the gap since the VBM is mainly derived from
the p(O) orbitals, while U(Zn) changes the position of
the d(Zn)-derived band well below the VBM. In previous
works [57, 58], U(Zn) = 10− 12 eV and U(O) = 6− 7 eV
were proposed, while in Ref. [59] U(Zn) = 12.8 eV and
U(O) = 5.29 eV were calculated by using pseudohybrid
Hubbard density functional method. This consistency
between the results of various approaches provides a com-
plementary justification for our +U values. Finally, we
mention that by the band gap Egap we understand the
single-particle band gap, which is equal to the energy
difference between the Kohn-Sham energies of the con-
duction band minimum (CBM) and the VBM. As it was
discussed in Ref. [60], this also corresponds to the quasi-
particle band gap. Inclusion of excitonic effects would be
necessary in a detailed study of the optical response of
ZnO, but this problem is outside the scope of this work.
The calculated total energies for all the considered
charge states are used to obtain the transition levels
ε(q/q′) between various charge states of Co. In the case
of charged supercells, the image charge corrections and
potential alignment are included in the calculations ac-
cording to [60, 61].
The value of the U correction for d(Co) is obtained
in two ways. First, it is considered as a free parame-
ter varying from 0 to 6 eV. The best agreement with
the experimental optical transition energies is obtained
for U(Co) = 3 eV. Second, we also compute U(Co)
by linear response approach proposed in Ref. [29]. We
add small potential shifts that act only on the local-
ized d orbitals of Co through a projection operator,
∆V = α
∑
m |φm〉〈φm|, and calculate variation of the Co
occupations. The obtained (interacting and noninteract-
ing) density response functions of the system with respect
to these perturbations are used to compute the U(Co)
term. In the above procedure, we use a supercell with 72
atoms and then extrapolate the results to larger supercell
with over 300 Co ions. We obtain U(Co) = 3.4 eV, which
is a little higher than the value fitted to experiment. Im-
portantly, the constrained calculations with fixed initial
occupations of d(Co) orbitals are needed, because final
total energies depend on the initial fixed on-site occupa-
tion matrices. Therefore, we test all possible occupations
of Co orbitals with integer occupation numbers 0 and 1
to find the state with minimum energy for a given charge
state q.
To find energies of optical transitions of Co in ZnO
two approaches are used. The ionization energy for
the transition Co2+ → Co3+ is obtained from the en-
ergy of ε(+/0) level relative to the CBM, while that for
Co2+ → Co1+ is obtained from the energy of ε(0/−)
relative to the VBM. A second approach is used to find
energies of the excited configurations (obtained after e.g.
the internal transition from Co2+ to the excited (Co2+)∗
state). In this case, the occupations of the Kohn-Sham
levels are fixed, and the Brillouin zone summations are
approximated by the Γ point values [48]. Moreover, su-
percells remain electrically neutral even when the ionized
Co3+ is analyzed because of the presence of the excited
electron in the conduction band. In consequence, the
electric fields generated by Co3+ are largely screened,
their impact on both excitation energies and the Co gap
levels [62] is expected to be small, and total energies
need not to be corrected for the spurious defect-defect
coupling. These two approaches give ionization energies
that agree to within less than 0.1 eV.
III. RESULTS
A. Co levels in ZnO
Figure 2(a) shows the band structure and the density
of states (DOS) of ZnO doped with Co2+ for U(Co) = 0.
Co2+ introduces three levels in the gap: close-lying e2↑
doublet and t2↑ triplet at about 1.5 eV above the VBM,
and the e2↓ doublet at 3.2 eV. The empty triplet t2↓ is
degenerate with the conduction band. Actually, both t2↑
and t2↓ triplets are weakly split by about 0.1 eV by the
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FIG. 2. (a) Band structure (left panel) and DOS (right panel)
of ZnO:Co2+. Zero energy is at the VBM. Gray areas display
the total DOS, while red and blue lines indicate the DOS
projected on d↑(Co) and d↓(Co) orbitals, respectively. (b)
Kohn-Sham levels of Co in various charge states. Horizontal
(gray) lines denote the band gap of ZnO. Electrons and holes
on the d(Co) levels are denoted by filled and empty dots,
respectively. Spin-up states of Co3+ and Co4+ are smeared
out over the valence bands. The calculations are performed
for U(Co) = 0.
wurtzite crystal field, but we omit this effect for the sake
of clarity. The strong dependence of the Kohn-Sham lev-
els of Co on the charge state is clearly visible in Fig. 2(b).
The levels of Co2+ with seven d electrons are 1-2 eV
higher in energy than those of Co3+ with 6 electrons,
because the intrashell Coulomb repulsion increases with
the increasing d-shell occupation [55, 56, 63]. In particu-
lar, the spin-up states of Co3+ are below the VBM, while
both spin-down levels are in the gap: e2↓ at 1.1 eV and
t2↓ at 2.4 eV above the VBM. The second ionization to
Co4+ farther decreases the Co levels.
The dependence of Co2+ and Co3+ levels on U(Co)
is presented in Fig. 3(a) and 3(b), respectively. The
U -induced contribution VU to the Kohn-Sham potential
is [29]
VU |ψ
σ
kν〉 = U
∑
m,σ
(1/2− λσm)|φm〉〈φm|ψ
σ
kν〉, (1)
where φm are the localized d orbitals occupied by λm elec-
trons, and ψσkν are the Kohn-Sham states for the wavevec-
tor k, band ν, and spin σ. The VU potential only acts
on the contribution of the mth d(Co) orbital to the given
(ν, k, σ) state, and this contribution is evaluated by the
appropriate projection according to Eq. 1. Equation 1
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FIG. 3. The Kohn-Sham energy levels of (a) Co2+, (b) Co3+
and (c) the transition levels ε(q/q′) calculated as a function of
U(Co). The ε(0/−) is only estimated, see in text for details.
The U(Co) dependence of (d) ionization and (e) internal tran-
sition energies. Experimental results are shown in both cases:
thresholds of ionization transitions are taken from photocur-
rent measurements [13, 64–66], while the energy range of in-
ternal transitions is taken from absorption [1, 3, 5, 8, 9, 11, 12].
See text for definitions of ionization Eion1 and Eion2 and in-
ternal transition Eint energies.
also shows that there is a negative shift of the fully oc-
cupied e2↑, t2↑ and e2↓ levels of Co
2+, while the shift is
positive for empty t2↓. For U > 4 eV, the spin-up Co
2+
levels merge with the valence band. The energy levels of
Co1+ are not shown because this charge state is not sta-
ble and it will not be assumed by Co for realistic Fermi
energies. Indeed, the t2↓ of Co
2+ is at least 1 eV above
the CBM, see Fig. 3(a). We note that the exact energy of
t2↓ relative to the CBM is of importance for the magnetic
coupling between Co ions mediated by free carriers, see
the discussion in Ref. [67].
The calculated Co2+ energy levels are compared with
the previous calculations in Table I. The LDA and GGA
approximations lead to the underestimated Egap and, in
consequence, to the e2↓ and t2↓ levels degenerate with
the conduction band [26–28, 30]. The U(Co) term shifts
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FIG. 4. Total energy change of the Co2+ and of the ex-
cited states of Co as a function of configuration coordi-
nate Q. Co3+ means (Co3+, eCB), while (Co
3+)∗ means
((Co3+)∗, eCB) state. Q2, Q3 and Q
∗
3 are equilibrium atomic
configurations of Co2+, Co3+ and (Co3+)∗ charge states, as-
sociated with Co-O bond lengths. U(Co) = 3 eV is assumed.
Ionization and recombination energies are defined in the text.
down all the occupied Co levels, and thus the e2↓ is in
the band gap [32, 33], as in our case. However, ionization
energies are too low since the gap is strongly underesti-
mated even if U(Zn) is applied [32, 33]. On the other
hand, our results obtained with U(Co) = 3− 4 eV are in
a reasonable agreement with bandgap corrected methods
employed in Refs [27, 33, 35, 37–40], and in particular
with the HY calculations.
The dependence of the Co levels on U(Co) is reflected
in the corresponding dependence of the thermodynamic
transition levels shown in Fig. 3(c). The value of ε(0/−)
given in Fig. 3(c) is only estimated, since the t2↓ elec-
tron of Co1+ would autoionize to the CBM. In turn, the
ε(+/0) and ε(2 + /+) levels are in the gap, indicating
that Co2+, Co3+ and Co4+ are possible stable charge
states of Co in ZnO. Transition levels ε(+/0) = 0.85 eV
and ε(0/−) = 4.5 eV (i.e., 1.1 eV above the CBM)
were obtained in Ref [34], and ε(+/0) = 0.4 eV and
ε(0/−) = 3.7 eV (i.e., 0.9 eV above the CBM) in Ref [36].
Our results for U(Co) = 3 − 4 eV are between those of
Ref. [34] and Ref. [36]. The ε(2 + /+) transition level,
which was not considered in Refs [34, 36], is practically
degenerate with the VBM.
B. Optical transitions
We consider four optical excitation processes, namely
three ionization channels and the internal excitation, to-
gether with the corresponding recombination transitions.
We also study the composition dependence of the Egap.
Figure 4 shows the configuration diagram, where the con-
figuration coordinate Q should be regarded as the aver-
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FIG. 5. (a-g) The changes of t2↑, e2↓ and t2↓ levels induced
by the ionization and intrashell transitions. The levels of Co
at Q2 correspond to vertical transitions, while these ones at
Q3 and Q
∗
3 include relaxation of Co
3+ and (Co3+)∗ to their
equilibrium configurations. Total energies relative to that of
Co2+ are shown in panel (h). U(Co) = 3 eV is assumed.
age Co-O bond length for a given electronic configuration
of Co. The involved systems are Co2+, its excited state
(Co2+)∗, as well as Co3+ and its excited (Co3+)∗ state.
The corresponding equilibrium configuration coordinates
are Q2, Q
∗
2, Q3, and Q
∗
3. U(Co) = 3 eV is assumed.
1. The first ionization channel consists in the vertical
optical ionization of Co2+ with the energy Eoption1, when
an electron is transferred from the e2↓ level to the CBM,
Co2+ + Eoption1 → (Co
3+, eCB). (2)
During calculations for this process, the occupation of
the initial state is fixed to be (e22↑t
3
2↑e
2
2↓t
0
2↓), while that
of the final state is (e22↑t
3
2↑e
1
2↓t
0
2↓, eCB), see also Fig. 5(a),
Fig. 5(d-e), and Fig. 4. The calculated optical ionization
energy Eoption1 of the vertical transition is 2.9 eV. After
the excitation, the system can relax from the equilibrium
configurationQ2 of Co
2+ toward that of Co3+, Q3, which
lowers the total energy by 0.5 eV. Thus, the onset of the
absorption is predicted to occur at the zero phonon line
energy Eion1 =2.4 eV.
The change of the charge state causes the reduction of
Co-O bonds by about 5 per cent, which is reflected in
the difference between Q2 and Q3 in Fig. 4. The pho-
toelectron recombines [(Co3+, eCB) → Co
2+] with the
recombination energy Erec1. The energy Erec1 of Co
3+
at equilibrium is 1.8 eV. After recombination, the system
relaxes to Q2 releasing 0.6 eV.
Experimentally, luminescence energies are affected by
the ratio of the radiative recombination rate to the lattice
relaxation time of phonon emission. When the recombi-
nation is fast, the system does not relax to equilibrium,
6and the absorption and emission energies are almost
equal to each other. In the opposite limit, long recombi-
nation times allow for the full relaxation of atomic con-
figurations by phonon emission, which increases the dif-
ference between Eoption1 and Erec1, i.e., the Franck-Condon
shift.
2. The second ionization channel consists in the ioniza-
tion of Co2+ via electron transfer from t2↑ to the CBM:
Co2+ + Eoption2 → ((Co
3+)∗, eCB). (3)
The occupations in the excited state (Co3+)∗ are
(e22↑t
2
2↑e
2
2↓t
0
2↓, eCB), as indicated in Fig. 5(b-c). The
corresponding ionization and recombination energies are
Eoption2 and Erec2. Ionization of Co
2+ to (Co3+)∗ produces
a ∼ 3 per cent shortening of Co-O bonds, which is smaller
than in the case of Co3+. For this reason, the relaxation
energy is smaller, about 0.1 eV, and the vertical and zero
phonon absorption energies are similar, Eoption2 = 3.1 eV
and Eion2 = 3.0 eV, respectively. The Franck-Condon
shift between absorption and emission lines is also smaller
since the recombination energy at the configuration Q∗3
is Erec2 = 2.7 eV.
3. The third possible ionization channel consists in the
ionization of Co2+ when an electron is transferred from
the VBM to t2↓ leaving a hole in the valence band, hV B:
Co2+ + Eoption3 → (Co
1+, hV B). (4)
In that case, fixed occupations for ionized state are
(hV B, e
2
2↑t
3
2↑e
2
2↓t
1
2↓). As it was pointed out above and
shown in Fig. 3(c), the transition level ε(0/−) lies above
the CBM, and thus the Co1+ charge state is not stable.
The photoionization energy Eion3 is above 4 eV, higher
than Egap.
4. The internal excitation of Co2+,
Co2+ + Eint → (Co
2+)∗, (5)
consists in the transfer of an electron from the doubly
occupied e2↓ to the empty t2↓ level, thus (e
2
2↑t
3
2↑e
1
2↓t
1
2↓) is
fixed for (Co2+)∗ as shown in Fig. 5(f). The correspond-
ing excitation energy is denoted by Eint, and we find
Eint = 2.1 eV. In this case, Q2 ≈ Q
∗
2, since the charge
state of the dopant remains unchanged and the redistri-
bution of d(Co) electrons affects the bonds by less than
0.1%.
A further insight into those processes can be gained
from Fig. 5, which shows the t2↑, e2↓ and t2↓ levels cal-
culated for six cases: Co2+ at equilibrium Q2 (panels (a)
and (g)), the photoionized ((Co3+)∗, eCB) at the Q2 and
Q∗3 configurations (panels (b) and (c)), the (Co
3+, eCB)
at Q2 and Q3 (panels (d) and (e)), and finally the
(Co2+)∗ state at Q2 (panel (f)). The excited states
are ordered from the highest to the lowest total ener-
gies, which are given in panel (h). The dependence of
the Kohn-Sham levels of Co on the charge state follows
from two effects. The first and the dominant one is the
reduced Coulomb intrashell repulsion characterizing the
ionized Co3+ and (Co3+)∗, which induces downward shift
of gap levels relative to those of the neutral Co2+. The
second effect is the upward shift of the energies of Co
levels, which are induced by the decrease of Co-O bond
lengths from Q2 to Q3 or Q
∗
3, see also Ref. [55]. Both ef-
fects are stronger for Co3+, where the optical ionization
decreases the position of Co levels by 1.5 eV, while the
relaxation from Q2 to Q3 rises the Co levels by ∼ 0.7 eV.
The changes induced by the internal transition, shown in
the panels (g)-(f), have a different origin. In this case,
the energy shifts of e2↓ and t2↓ are comparable, and are
caused mainly by the U(Co) correction. They have op-
posite signs because, in agreement with Eq. 1, after the
excitation from Co2+ to (Co2+)∗, the occupation of t2↓
increases by 1 and that of e2↓ decreases by 1.
Considering recombination processes we see that after
the internal excitation of Co2+, the t2↓ occupied with
one electron is about 0.25 eV above the CBM. This sug-
gests that the excited (Co2+)∗ can spontaneously ion-
ize, releasing one electron to the CBM in the reaction
[(Co2+)∗ → (Co3+, eCB)], i.e., a transition from (f) to
(e) should spontaneously occur. However, the total en-
ergy of the latter state is 0.3 eV higher than the energy
of (Co2+)∗, see Fig. 5(h), and therefore the ionization is
possible, but it is a thermally activated process. Second,
the results of Fig. 4 show that there are two possible
channels of recombination for Co3+ and (Co3+)∗. The
first one is the one-step direct recombination with Erec1
or Erec2, while the second channel is a two-step process,
in which the electron capture on t2↓ or e2↑ is followed by
the internal deexcitation.
The above results illustrate the fact that excitation en-
ergies cannot be estimated based on the single-electron
energies. In particular, the calculated internal transition
energy is 2.1 eV, while the energy difference between the
Co2+ levels is almost twice larger, 3.5 eV. Such a large
discrepancy is expected to hold also for hybrid function-
als calculations [27, 33, 39, 40].
Comparing our results with the recent study in
Ref. [42] using the linear response time dependent den-
sity functional theory, we note that their results for the
excitation to (Co2+)∗ and Co3+ states were obtained for
small quantum dots and extrapolated to bulk ZnO, nev-
ertheless they agree with our values to within 0.2 eV.
5. Finally, the observed optical properties of ZnO:Co
include also fundamental excitation and recombination
transitions with energy given by the band gap. As it
is shown in Fig. 6, the calculated Egap increases with
the increasing Co concentration. The detailed analysis
of those transitions must include formation of excitons
(which binding energy in ZnO is 60 meV [68]), but this
issue is out of the scope of this work.
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centration in Zn1−xCoxO. U(Co) = 3 eV is assumed. Squares
denote suprecell results, and the dashed line shows the fitted
dependence Egap(x) = Egap(0) + bx, with Egap(0) = 3.3 eV
and b = 1.9 eV.
C. Comparison with experiment
The comparison of our results with the experimental
data is satisfactory. The calculated dependencies of Eion
and Eint on U(Co) allow to find its optimal value. The
results are shown in Fig. 3(d) and (e). A good agreement
with experiment is obtained with U(Co) = 3.0 eV. In
particular:
(i) The observed increase of the band gap with the Co
concentration x is well reproduced, see Fig. 6. The cal-
culated coefficient b defined by the relation Egap(x) =
Egap(0)+ bx is 1.9 eV, which agrees well with the exper-
imental values 1.1 [3], 1.7 [4], 2.3 [66] and 2.5 eV [9].
(ii) Our energy of the internal transition Eint = 2.1 eV
is close to the experimental ∼ 2.0 eV, which is seen in
both absorption and luminescence. The observed split-
ting of this line is partly due to the crystal field splitting
of the t2↓ level, and partly due to the spin-orbit coupling,
which is neglected in our calculations [69].
(iii) The optical ionization of Co2+ is observed in a
broad band which begins at about 2.2 eV, extends up
to about 3 eV, and was monitored in photocurrent by
Gamelin et al. [13, 64–66]. Their further analysis revealed
that it originates in two transitions, the lower energy one
assigned to [Co2+ → (Co3+, eCB)], and the higher energy
transition interpreted as [Co2+ → (Co1+, hV B)].
According to our results, the ionization energy cor-
responding to the zero-phonon transition [Co2+ →
(Co3+, eCB)] is about 2.4 eV, and the phonon-assisted
transitions extend up to Eoption1 = 2.9 eV. Both values
are higher by about 0.2 eV relative to experiment. This
reasonable agreement confirms the assignment proposed
in Refs [13, 64–66]. This 2.4-2.9 eV absorption band is
shown in Fig. 7(a). Its width can also be inferred from
Fig. 4.
On the other hand, the obtained results do not sup-
port the identification of the second ionization tran-
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sition as [(Co2+) → (Co+, hV B)], in which an elec-
tron is excited from the VBM to Co2+ level at ener-
gies above 2.7 eV [13, 64–66]. Indeed, our results show
that this transition requires at least 4 eV, as it fol-
lows from the energy of the ε(0/−) transition level rel-
ative to the VBM (see Fig. 3(c)). Instead, we propose
that the observed higher absorption band originates in
[(Co2+) → ((Co+3)∗, eCB)] transition from the Co spin-
up state with the ionization energy in the range 3.0-
3.1 eV shown in Fig. 7(a).
In the absorption measurements, only one ionization
channel is seen at energies just below the band gap [2, 4,
6, 9, 10]. Based on our results, we assign this transition to
t2↑ → CBM, i.e. to [Co
2+ → (Co3+)∗, eCB)], because its
energy fits the experiment. Moreover, the second possible
transition, e2↓ → CBM, is expected to be forbidden.
(iv) According to our results, after the internal excita-
tion (Co2+)∗ can ionize releasing an electron to the CBM,
and the corresponding activation energy is Eact = 0.3 eV.
The experiments of Refs [64–66] revealed that (Co2+)∗
indeed ionizes, because the internal transition results in
photoconductivity. The observed ionization has a ther-
mally activated character with energy of about 50 meV,
which is somewhat smaller than the calculated value.
The calculated absorption and emission bands are sum-
marized in Fig. 7. The lowest energy excitation at 2.1 eV
is associated with the internal transition to excited Co2+.
Next, the two sub-bands corresponding the ionization
transitions from Co2+ to Co3+ and (Co3+)∗ appear at
2.4-2.9 eV and at 3.0-3.1 eV. Each subband extends
from the zero-phonon transition at energyEion1(2) (which
includes atomic relaxations around Co) to the line at
Eopt
ion1(2) of the vertical transition (i.e., without changes in
atomic positions). At the highest energies, above 3.3 eV,
the VBM → CBM transitions occurs. The energy range
of charge transfer and ZnO band-to-band transitions are
expected to change with the Co concentration. In the
emission bands, the transitions from Co3+ and (Co3+)∗
to Co2+ occur at 1.8-2.4 eV and 2.7-3.0 eV, respectively.
Here again, the finite width of subbands spans the en-
8ergy window between the zero-phonon lines Eion1(2) and
the vertical transitions Erec1(2). (The widths of both ab-
sorption and emission bands can be inferred from Fig. 4,
where the vertical transitions are shown by arrows.) Both
transitions can be completely suppressed by the two step
processes involving (Co2+)∗, which is probably observed
in the luminescence [7, 9, 11, 12, 70].
IV. CONCLUSIONS
The results of the GGA+U calculations explain the
available experimental properties of substitutional Co in
ZnO. In particular, the calculated composition depen-
dence of the ZnO:Co band gap agrees well with the exper-
imental data [3, 4, 9, 66]. While the n-doping of ZnO:Co
does not change the charge state of Co, the p-doping will
be compensated because Co can act as a double donor.
We considered four possible optical transitions involv-
ing Co2+. The first one is the internal d − d transition,
which calculated transition energy, 2.1 eV, corresponds
well with the experimental value 2.0 eV. Next, there are
two ionization transitions Co2+ → Co3+, in which an
electron is transferred from one of the two d(Co) gap
states to the conduction band. The lower energy channel
is related with the excitation from e2↓ to CBM, with en-
ergies in the range 2.9-2.4 eV, in which the upper limit
corresponds the zero phonon line. The higher energy
channel is related with the transition t2↑ → CBM with
energies 3.1-3.0 eV, and leaving Co in the excited state
(Co3+)∗. Both excitation channels occur in parallel, and
extent from 3.1 eV to 2.4 eV. This agrees to within 0.2 eV
with observations. The fourth possible ionization process
consists in exciting an electron from the valence band to
the t2↓ Co state, [(Co
2+) → (Co+, hV B)]. This process
was suggested in Refs [13, 65, 66]. According to our re-
sults, the corresponding ionization energies are higher
than 4 eV, which questions this interpretation.
We also point out that there are two recombination
channels of photoelectrons, the direct recombination, and
a two-step process in which the photoelectron is first cap-
tured by Co3+, and then recombines via the internal d−d
transition.
The excitation-recombination processes are strongly
affected by the intrashell Coulomb coupling. Manifes-
tation of the coupling is provided by the pronounced de-
pendence of the Co levels on their occupations. The lev-
els of ionized Co3+ and (Co3+)∗ are lower than those
of Co2+ due to the weaker intrashell Coulomb repulsion
for an ion with smaller number of d-electrons. Addition-
ally, both charge transfer transitions involve large lattice
relaxations, which also influence the dopant levels. On
the other hand, in spite of the fact the internal transi-
tion does not change the charge state, the Co2+ levels
are shifted by about 1 eV. In this case, the effect has a
different origin, namely the occupation-dependent U(Co)
corrections.
The theoretical level energies of Co depend on one pa-
rameter, U(Co). Its value is established in two ways.
First, we treat U as a fitting parameter. This allows us
to reproduce the two measured ionization energies and
the energy of the internal transition to within 0.1-0.2 eV
with a single value U(Co) = 3.0 eV. Moreover, the dis-
cussed dependence of transition energies on U provides
an additional insight into the impact of the +U correc-
tions on the electronic structure of transition metal ions
in semiconductors. In the second approach, the theo-
retical value U(Co) = 3.4 eV is obtained by the linear
response method of Ref. [29]. It leads to somewhat less
accurate energies of the optical transitions than the op-
timal fitted value 3.0 eV, but the agreement between the
two methods is satisfactory. This farther confirms our
identification of the observed transitions. Those results
demonstrate that GGA+U is an alternative to the lin-
ear response time dependent density functional theory of
Ref. [42].
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